Abstract: Poly(vinyl amine) was utilized as a matrix for the synthesis of polymers bearing short polyamine chains (1-3 amine groups) grafted to the main macromolecular chain with long (eight atoms) spacers. The new polymers were characterized with nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR) spectra, size exclusion chromatography and potentiometry. Poly(vinyl amine) was applied in the form of narrow molecular mass fractions and the modification proceeded without destruction of the main chain. Condensation of silicic acid in the presence of the polymeric amines gives rise to composite nanoparticles which are stable in aqueous medium. New polymers and composite nanoparticles effectively complex with DNA and RNA oligonucleotides and were found to display good internalization in cancer cells which indicates their promise towards gene delivery applications.
Introduction
Polymers are widely used in various areas of technology and in everyday life. The properties of polymers depend not only on their chemical structure but also on their chain length (1, 2) . The other important parameter is polydispersity which is a measure of the distribution of the chain length in a given polymer sample. Polymers with low polydispersity are highly desirable because of their optimal physical properties. Polydispersity is an important parameter for designing the biomedical applications of such polymers. The physiological activity of water-soluble polymers has been found to depend on the length of the polymer chain (2, 3) and there exists an optimal molecular weight for each polymeric system which corresponds to the highest activity. The presence of other polymer fractions, which are not equally active, decreases the activity of the whole sample and can cause undesirable side effects when the polymer is employed for therapeutic applications.
Decrease of the polymer polydispersity index (PDI) is possible during the synthesis stage by using living or pseudo-living polymerization (4, 5) . These approaches result in polymers with a low PDI but the catalysts (initiators) employed are often expensive and the molecular weight of the samples cannot be regulated over a wide range. The other approach to obtaining polymers of low PDI includes the synthesis of a polydisperse sample, e.g. by radical polymerization, followed by fractionation. This strategy allows one to obtain a set of narrow polymeric fractions of various molecular weights. Modification of the existing polymers is a convenient way to obtain new polymeric structures and when the modification reaction is carried out under moderate conditions, the resulting polymer retains the initial polymerization degree and PDI.
The present work was aimed at utilization of poly(vinyl amine) (PVA) as a matrix for the synthesis of new polymers. PVA is easily produced from poly(vinyl formamide) (PVFA), which is available as narrow molecular weight fractions (6) . The addition reaction of acrylamide double bond to the amine group was employed for PVA modification. We used acrylamide derivatives bearing short-chain polyamines as substituents (Scheme 1).
The remaining primary and secondary amine groups were converted to amide units by the reaction with acetic anhydride (Scheme 2).
The obtained polymers were characterized with 1 H and 13 C nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR) spectroscopy, size exclusion chromatography and potentiometry in an aqueous solution.
Amine-containing polymers have immense potential as gene delivery systems due to their ability to complex anionic oligonucleotides through electrostatic interactions (7) (8) (9) . The conventionally employed gene delivery systems are limited by several drawbacks that have necessitated the search for novel systems to complex the therapeutic oligonucleotide. A promising way to design delivery systems with highly tunable complexing properties is the formation of composite nanoparticles based on polymeric amine and oligomeric silicates (10, 11) . We have obtained soluble composite nanoparticles through silicic acid condensation in the presence of new polymers.
Any candidate for gene delivery application should demonstrate a high complication with the oligonucleotides as well as internalize rapidly into the target cells. The electrophoresis data obtained in the present work reveals that the new polymers and organo-silica nanocomposites are capable of interacting with DNA and RNA efficiently. Cell internalization studies were also performed using cancer cells to demonstrate the ability of RNA complexes to localize into cancer cells. The data suggest that these novel systems can be explored further for gene delivery applications.
Experimental

General
FTIR spectra were recorded with an Infralum FT-801 spectrometer (JSC Simex, Novosibirsk, Russian Federation) using KBr pellets or films on a ZnSe plate. 1 H and 13 C NMR spectra were obtained using a Bruker DPX 400 spectrometer (Bruker Biospin Corporation, Billerica, MA, USA, 400.13 and 100.61 MHz, respectively) in deuterodimethylsulfoxide-d 6 (DMSO-d 6 ), CDCl 3 or CCl 4 (Merck KGaA, Darmstadt, Germany). Potentiometry measurements were performed on a " Multitest" ionometer (JSC Semico, Novosibirsk, Russian Federation) using a combined pH-electrode in a temperature controlled cell at 20 ± 0.02°C. The molecular mass of the new polymers was estimated via size-exclusion chromatography (SEC) using a Milichrom A02 chromatograph (JSC Econova, Novosibirsk, Russian Federation) with 2 × 75 mm column filled with SRT SEC-100 5 μm phase (Sepax Technologies, Inc., Newark, DE, USA), operated at 35°C using 10:90 methanol:water solution of TFA, pH 2.5 (methanol and trifluoroacetic acid from Thermo Fisher Scientific, Waltham, MA, USA). The flow rate of the mobile phase was set at 0.03 ml min −1 (pressure 100 psi), whereas the injection volume for 1 g L −1 of the sample solution was 1 μL. Fractionated samples of poly(vinyl formamide) (PVFA) (6) were applied as standards (M w /M n < 1.5). Zeta-potential (ζ) and particle size were measured with a Zetasizer Nano-ZS ZEN3600 (Malvern Instruments Ltd., Worcestershire, UK).
Reagents
PVA fractions were obtained by alkaline hydrolysis of fractionated samples of poly(vinyl formamide) (12) . Molecular weight of the PVA samples was calculated from the molecular weight of the initial PVFA samples (6) . Other chemicals were purchased from Sigma Aldrich, Fisher or Acros Chemicals and used as such without further treatment.
Conditions of mass spectrometric analysis
An Agilent 1200 chromatographic system controlled by Chemstation Version B.01.03 (Agilent Technologies, Inc., 
Study of the copolymer composition by derivatization with trifluoroacetic acid (TFA)
The content of tertiary amine species introduced into the polymer structure was estimated using derivatization with TFA followed by 1 H NMR measurements (13) . To a sample of polymer, typically ca. 30 mg, in a glass screw cap flatbottom vial, 500 μl of TFA was added. The vessel was heated at about 50°C and occasionally shaken for about 30 min to ensure the complete dissolution. Then the excessive TFA was removed to dryness at 50°C with argon flow. The cooled residue was mixed with 600 μl of DMSO-d 6 and left overnight at room temperature. The resultant solution was filtered through a cotton pad in a 1 ml polypropylene pipette tip directly to a NMR tube. The molar ratio between -N(R)-species and N-vinyl acetamide units (NVA) was calculated from integral intensities of -N To a cooled (t < 10°C), stirred 15% solution of N,N′-dimethyl-N-(3-dimethylaminopropyl)-1,3-propanediamine [prepared according to earlier reported protocol (14) ] in methanol, a 1.5-fold molar excess of methylacrylate (Merck KGaA, Darmstadt, Germany) was added drop-wise. The resultant mixture was refluxed for approximately 16 h. Then the volatile components were evaporated with a water pump and the residue warmed at 70°C in a water bath in vacuum for 90 min. After cooling to room temperature, the obtained oily ester was mixed with a two-fold molar excess of 8 m solution of methylamine in ethanol (Merck KGaA, Darmstadt, Germany). The mixture was maintained at room temperature until disappearance of 1740 cm −1 C=O ester band in an FTIR spectrum of the vacuum-dried sample. Then the volatile components were removed as described earlier leaving the crude amide.
To a magnetically stirred solution of the amide (11.77 g, 43.2 mmol) in 112 ml of diethyl ether (Acros Organics, Thermo Fisher Scientific Inc., Waltham, MA, USA), 3.32 g of LiAlH 4 (Merck KGaA, Darmstadt, Germany) was added portion-wise in the course of an hour. The mixture was then refluxed for over 9 h. After cooling in an ice bath, the mixture was carefully quenched with the successive addition of 3 g of distilled water and 8 g of 50% (wt) solution of KOH in distilled water. The solid was filtered off using a Büchner funnel and rinsed with diethyl ether (3 × 40 ml). The combined filtrate was dried over potassium hydroxide powder, concentrated in a rotary evaporator and fractionally distilled (b.p. 130-132°C) in vacuum to yield 5.80 g of colorless liquid (52% yield). FTIR (film, cm 
Preparation of N-substituted N-methylacrylamides
N-substituted N-methylacrylamides (n = 1, 2, 3) were prepared following method E from (9) (Scheme 4). 
Modification of PVA with N-substituted N-methylacrylamides (Scheme 1)
A solution of 0.286 g (6.65 mmol) of PVA, 2.9 mg of hydroquinone, and the required amount of corresponding acrylamide in 13.5 g of methanol was maintained in an argon atmosphere at 60°C over 39 h. The reaction solution was centrifuged at 12,500 g for 15 min. The obtained supernatant was concentrated in vacuum to leave about 3 g of the residue which was further triturated with cyclohexane (3 × 10 ml). The solution was discarded, whereas the solid was purified by dialysis in a cellulose tube (500-1000 MWCO) against distilled water, filtered through a 0.45 μm cellulose nitrate membrane and freeze-dried. Further the products were acetylated with acetic anhydride (Scheme 2). Copolymers were stirred with acetic anhydride (Merck KGaA, Darmstadt, Germany, ca. 27 g per 1 g of copolymer) on an oil bath at 75°C over 2 h. Then the reaction mixture was evaporated in vacuum. The residue was triturated with diethyl ether (2 × 10 ml). The solution was discarded, whereas the solid was thrice reprecipitated from methanol with diethyl ether, or alternatively, dialyzed in a cellulose tube (Spectra/Por Dialysis Membrane, Biotech CE Tubing, Spectrum Laboratories Inc., Rancho Dominguez, CA, USA, 500-1000 MWCO) against distilled water. Finally, a water solution of the product was filtered through a 0.45 μm cellulose nitrate membrane (Vladisart Ltd., Vladimir, Russian Federation) and freeze dried. The acrylamide loading and copolymer yields are presented in Table 1 .
IR and NMR spectra of the new polymers
The prepared copolymers had a similar FTIR pattern. They contained bands of tertiary and secondary amide (amide I, vs. 1633-1643 cm ZS-377-10, ZS-377-56, ZS-377-100 (a typical 13 C NMR spectrum is presented on Figure 1 ). 
Silicic acid condensation in the presence of new polymers and synthesis of soluble composites
Stock polymer (2 g L −1
), HEPES buffer (200 mm, pH = 7.4) solutions and water were mixed in the desired proportions. Na 2 SiO 3 · 5H 2 O (100 mm) and HCl (0.5 m) were added rapidly to the solution under active stirring. The resulting solutions contained 0.4 g L −1 polymer, 5 or 7.5 mm silicic acid and 50 mm HEPES. The amount of HCl corresponds to full neutralization of sodium silicate. This procedure allowed us to prevent Si(OH) 4 condensation at a pH higher than the desired value. The obtained solutions were stored at room temperature for 3 days which resulted in silicic acid condensation and formation of soluble composite nanoparticles similar to PVA based systems and polyampholytes (12, 15).
Study of oligonucleotide complexes with polymers and composites
The interaction between 21-mer DNA oligonucleotide GATCTCATCAGGGTACTCCTT-6-FAM (Evrogen JSC, Russia) and the synthesized polymers was investigated by electrophoresis on agarose gel. Complexes were prepared by mixing solutions of the polymer and oligonucleotide. The samples were incubated at room temperature for 30 min and placed into the wells of the 1% agarose gel. Free oligonucleotide, as a control, was also loaded onto the gel. The gel running buffer was 40 mm Tris acetate (adjusted to pH 7.4) and 1 mm EDTA. A glycerol gel loading buffer was used (0.5% sodium dodecyl sulfate, 0.1 m EDTA (pH = 8), and 50% glycerol for 10× reagent). Electrophoresis experiments were performed at 90 V with a Mini-Sub (7 × 10 cm) Cell GT System (Bio-Rad Laboratories, Inc.) with an ELF-4 power supply (DNA-Technology LLC) and TCP-20.LC transilluminator (Vilber Lourmat), operated at 254 nm. A solution of 0.05% bromophenol blue was applied to visualize the "dye front" and to calculate the relative mobility (R f ). Similar experiments were also performed with the small interfering RNA (si-RNA) against vascular endothelial growth factor (VEGF) (Eurofins Genomics, USA). The sequence of the VEGF si-RNA with dTdT overhangs at 3′ in both strands used in the study are: sense -GGAGUACCCU-GAUGAGAUC; anti-sense -CCUCAUGGGACUACUCUAG. Composite and siRNA complex were prepared by mixing aqueous solutions of composite and si-RNA in different ratios. The resulting mixture was vortexed and incubated for 30 min at ambient temperature. Then the polyplexes were mixed with a tracking dye (bromophenol blue, 2 μl), loaded on 1% agarose gel and electrophoresed with Trisacetate buffer (TAE) buffer at 80 V for 45 min. The gel was stained with ethidium bromide and visualized on a UV transilluminator using a Gel Documentation system (VILBER Lourmat, France).
Cell culture studies
A549 lung cancer cells were seeded in six well plates at a density of 5 × 10 4 cells well −1 and cultured on a glass coverslip in Dulbecco's Minimum Eagles Medium (DMEM, Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA) and incubated at 37°C and 5% CO 2 environment. After 24 h, when the cells attained confluency, the transfection mixtures were prepared by the complexation of polymers and Cy3 fluorescent probetagged si-RNA (Eurofins Genomics, USA) in the ratio of 4:1 (v/v) and the si-RNA concentration used was 10 μm. The sequence of the sense and anti-sense strands of the fluorophore-tagged si-RNA employed for this study is as follows: sense -Cy3-GGAGUACCCUGAUGAGAUC; antisense: CCUCAUGGGACUACUCUAG-Cy3.
The cells were then washed with phosphate buffered saline (PBS) and the transfection mixtures were added to the appropriate wells in 2 ml of serum free DMEM and the final si-RNA concentration in each well was 5 nm. After 4 h and 16 h of transfection, cells were washed with PBS and the coverslips were mounted over glass slides the images were analyzed using laser scanning confocal microscope (Olympus FV1000, Japan) at an excitation wavelength of 540 nm and at an emission wavelength 605 nm or using fluorescence microscopy (Nikon Eclipse TS100, Japan).
Results and discussion
Substituted acrylamides were obtained by the reaction of acryloyl chloride with corresponding amines according to the previously described procedure [Scheme 4 (14) ]. Acrylamide containing three amine groups (z = 3) was synthesized for the first time.
Interaction of narrow PVA fractions with substituted acrylamides resulted in new polymers which bear polyamine chains grafted to the main macromolecular chain with long (eight atoms) spacers ( Table 1 C NMR data show the presence of acetic acid in the copolymers which forms a salt with amine groups.
Potentiometric titration of aqueous solutions of the copolymers from the alkali region (pH ≈ 11.4) shows three inflections (Figure 2 ) which correspond to the titration of alkali excess, titration of amine groups and titration of sodium acetate. The potentiometry data allows for the calculation of the copolymer composition which is in a good agreement with 1 H NMR data and to estimate the content of acetic acid in the copolymers (Table 1) .
The molecular mass and PDI of the new copolymers were estimated from size exclusion chromatography (SEC) data. The obtained results show an increase of molecular weight after modification of PVA and the PDI is relatively low which confirms that the modification reactions proceed without the considerable destruction of the polymeric chains (Table 1 ). The observed increase of molecular weight after modification is the result of the addition of polyamine chains. We also must take into account that the introduction of ionizable amine groups can enlarge the size of macromolecular coils when compared with neutral PVFA, and it may contribute to the observed increase in the molecular weight from SEC.
Potentiometric titration allows the calculation of the ionization degree (α) and pK of acidic and basic compounds. We have calculated α according to the following equation (16):
where [NaOH] is the concentration of alkali added, C total is the total concentration of the conjugated acid units. pK values were obtained from the Henderson-Hasselbach equation (17):
In the case of polymeric amines, the calculated α and pK correspond to ionization of the conjugated acid ≡NH + . Dependence of pK vs. α is presented in Figure 3 . It is found that the pK values are independent of α for low molecular compounds but polyelectrolytes show a decrease in pK Blue curve represents derivative from the titration curve. Numbers corresponds to titration of alkali excess (1), titration of amine groups (2), and titration of sodium acetate (3) . The inflection between #1 and #2 corresponds to titration of one amine group in the side chain, this inflection was not visible in other copolymers. 0.1 m NaCl aqueous solution was applied as a solvent, sample mass was 0.0409 g, initial solution volume was 10 ml, pH was adjusted to 11.4 with 0.77 ml of 0.1 m NaOH, and 0.1 m HCl was applied as a titrant. with decrease of α (18) (Figure 3 , PVA curve). Polymeric amines are not protonated at α = 1 (full dissociation of the conjugated acid) and protonation (α decrease) hampers the reaction with the next protons due to the electrostatic effect. The new polymers containing one amine group in the side chain do not exhibit a decrease in pK values with a corresponding decrease in α when the amine unit content is between 11 and 54% (ZS-377-10 and ZS-377-56). This effect is explainable due to the long distance of separation between isolated amine groups which prevents electrostatic interactions. An increase in the amine content in the copolymer (ZS-377-100) results in a considerable decrease of pK with a α value below 0.3 when 50% of the total polymeric units are protonated. Copolymers with two or three amine groups in the side chain show a more distinct decrease in pK with reduction in α values. This is on expected lines because protonation of one amine group in the side chain decreases basicity of the other groups in the same chain.
Due to their protonatable amine functionalities, polymeric amines are promising agents for gene delivery for therapeutic applications (19) (20) (21) that involves selective silencing of specific gene targets to curtail their expression or constitutively express under-expressed genes through the transfection of plasmids to target cells (21) (22) (23) . In the present study, the new polymers with side chains Table 2 ). The magnitude of the polymer-DNA interaction correlates with the content of the polyamine side chains. While ZS-377-10 and ZS-367-1 gave predominantly negative charged complexes and a considerable quantity of uncomplexed DNA, the most complete complexation was observed for SZ-377-100 and ZS-365-1 samples with the highest content of polyamine chains ( Figure 4A ). An increase in the polymer content in the complex with DNA (polyplex) ( Figure 4B ) results in the complete complexation for all samples. Polymers with the lowest polyamine content (ZS-377-10 and ZS-367-1) exhibited significant migration to the negative electrode unlike the other polymer samples. Possibly, the high content of neutral hydrophilic units in these polymers facilitates the formation of more soluble complexes with higher electrophoretic mobility. In contrast, a high amine content in the polymer can promote the formation of large complexes that possess no net charge and do not exhibit electrophoretic mobility.
Condensation of silicic acid in the presence of new polymers results in diameter composite nanoparticles <100 nm ( Figure 5 , left) similar to composites based on poly(vinyl amine) (12) . The addition of RNA to the solution does not change the particle size significantly. Transmission electron microscopy (TEM) images of (Table 3) show that composites are able to interact with nucleic acid but the charges of the complexes are often negative due to the presence of polymeric silicic acid. The complexation ability of the composite nanoparticles with small interfering RNA (si-RNA) against vascular endothelial growth factor (VEGF) was confirmed with electrophoresis data ( Figure 4C, lanes 2-4) . Zetapotential values are positive for nanocomposites and RNA complexes ( Figure 5 , left) which allows the expectation of penetration of these particles into living cells.
In order to investigate whether the polyplexes can internalize into the target cells where they are expected to deliver the therapeutic oligonucleotide, composites based on the ZS-365-1 polymer was complexed with fluorophoretagged si-RNA. After 4 h, the internalization of the polyplex was observed in A549 cancer cells using fluorescence microscopy ( Figure 4D ). The appearance of red fluorescence in the cells indicate that the polyplexes have internalized into the cell. The confocal images also reveal that the localization of the si-RNA is in the cytosol ( Figure 4E) . Interestingly, the fluorescence in cells was observed even 16 h after administration suggesting that these polyplexes can be employed for persistent si-RNA-mediated gene silencing in cancer cells.
Conclusions
The addition reaction of polyamine modified acrylamides with poly(vinyl amine) gives rise to new polymers with polyamine side chains. The reaction proceeds without visible destruction of the main polymeric chain and allows obtaining new polymeric amines with low polydispersity. The amine groups are placed far from the main polymeric chain which allows regulation of the acidbase properties of the polymer by changing the number of amine nitrogens in the side chain. Macromolecules with one amine unit in the side chain typically display behavior of low-molecular weight amines: pK of the conjugated acid insignificantly depend on ionization degree. Polymers with two or more amine groups in the side chain exhibit typical polyelectrolyte properties: basicity decreases with protonation of the polymer. The new polymeric amines and composite siliceous nanoparticles based on these polymers were investigated as potential gene delivery systems and were found to effectively complex DNA (RNA) oligonucleotides and internalize into the cancer cells. This opens up new vistas for this class of polymers in the realm of therapeutics. Negative R f values correspond to substance movement to the negative electrode. The interval of R f values corresponds to spreading electrophoretic blots.
